We quantify the magnitude and the color charge dependence of the medium induced parton energy loss in lead-lead collisions at the LHC using the data on inclusive jet suppression. The extracted color charge dependence shows that the difference between the in-medium loss of quarks and gluons is consistent with the difference between the radiation of quarks and gluons in the vacuum. Then, we examine the energy loss of prompt charmonia and we point to a remarkable similarity between the quenching of light-quark-initiated jets and the prompt charmonia suppression. Finally, we discuss possible sources of this similarity.
Introduction
Collisions between lead nuclei at the LHC produce colored medium where relevant degrees of freedom are deconfined quarks and gluons [1] . Hard scattering interactions in perturbative quantum chromodynamics (pQCD) lead to production of two highly virtual back-to-back partons (in the leading order of pQCD) which subsequently evolve as parton showers, hadronize, and are experimentally observed as back-to-back dijet. If partons traverse on their path a colored medium they lose energy which can be seen as modification of jet yields and jet properties. This phenomenon is commonly called "jet quenching" [2] [3] [4] . The first evidence of jet quenching at the LHC was provided by the measurement of jet pairs [5, 6] . Often, the magnitude of jet quenching is quantified by the nuclear modification factor, R AA , which is the ratio of perevent-normalized yields in lead-lead (Pb+Pb) collisions to a cross-section in proton-proton (pp) collisions scaled by the nuclear overlap function. A precise measurement of jet R AA was recently provided in Ref. [7] . Understanding the jet quenching means understanding the interaction of energetic color charges with the deconfined medium and the properties of this medium.
Not only jets but also charmonia can be used as tools to reveal the properties of the medium and its interactions. The production of charmonia in elementary collisions is often described in a nonrelativistic QCD effective-field-theory (EFT) framework [8] . In that theory, first, the cc pair is produced either in a color singlet or color octet state. This "pre-resonant" cc pair then binds into a physical charmonium by non-perturbative evolution described in terms of long-distance matrix elements. The pre-resonant pair in the color octet state changes its color and spin by radiating off gluon(s) when evolving to the physical quarkonium state while the pair in the color singlet state retains these quantum numbers unchanged.
In nucleus-nucleus collisions, the production of charmonia was observed to be strongly suppressed with respect to proton-proton yield at LHC, RHIC, and SPS [9] . Generally, charmonia suppression can be described using the EFT framework at finite temperature in the limit of weakly coupled medium or in the lattice-QCD in the strongly coupled regime [10] . In the EFT framework at finite temperature the thermal part of cc potential has both a real and imaginary part [11] . The real part of the cc potential is connected with color screening of the potential in the deconfined medium. The imaginary part of the potential is connected with thermal decay and it is argued that it may be a dominant mechanism for the charmonia suppression within the EFT framework [12] . Since heavy quarks are not fully thermalized in the medium, further model assumptions need to be made in order to predict charmonium production rates. Examples of these models are transport models, statistical hadronization models, collisional dissociation models, or comover models which are reviewed in Ref. [9] . Different mechanisms leading to charmonia suppression that are implemented in these models play different role at different kinematic regions and center-of-mass energies which makes the interpretation of similarities or differences in the charmonia suppression between the LHC, RHIC, and SPS complicated.
In proton-nucleus (or deuteron-nucleus) collisions, the production of charmonia was observed to be also modified with respect to proton-proton yield although the modifications are generally smaller than those seen in nucleus-nucleus collisions [9] . These modifications are due to an interplay of various affects such as effects of nuclear modifications to parton distribution functions (shadowing, antishadowing, EMC effect), multiple parton scattering, or nuclear absorption of bound state. These "cold nuclear matter effects" (CNM effects) are present in nucleus-nucleus collisions as well with a strength that depends on the choice of kinematic region. Therefore, they need to be considered when interpreting the nucleus-nucleus data.
This paper elaborates on the quantification of the jet quenching and it explores a similarity in the suppression of jets and prompt charmonia (that is those not coming from weak decay of B-hadrons) in √ s NN = 2.76 TeV Pb+Pb collisions at the LHC.
The work is organized as follows. First, the effective suppression parameters of high-p T quarks and gluons are extracted from jet suppression measurements. Then, these parameters are used to model the suppression of prompt charmonia. The result is compared with several recent measurements. Finally, the connection between the energy loss of jets and the charmonia suppression is discussed.
Single jet suppression
It was shown in a recent paper on the interpretation of single jet suppression measurements at the LHC [13] that many of the features seen in the data are driven by a primordial parton spectrum and the different quark and gluon energy loss. Further, it is concluded in that study that the suppression data on jets can be described by an effective quenching model (hereafter called EQ model) in which partons lose energy depending on their initial transverse momentum, p T,ini , and an effective color factor, c F , such that the total energy lost by a parton is
Here s and α are free parameters of the model, p T,ini is the transverse momentum of a parton initiating a jet and p T,0 is an arbitrary scale, here and in Ref. [13] set to 40 GeV. The parameter c F was fixed to be 1 and 9/4 for light-quark-initiated jets and gluon-initiated jets, respectively. Input to the model was the parameterization of the unquenched jet-p T spectra which was obtained from the PYTHIA8 generator [14] . The EQ model successfully described the representative data on the single jet suppression at high-p T : the inclusive jet R AA in various rapidity intervals [7] , trends in the jet fragmentation functions [15, 16] at p T 10 GeV and the inclusive charged particle
The EQ model represents a model with minimal assumptions on the physics of the jet quenching process. The dynamics of the quenching process as well as the properties of the medium are encapsulated in a few free parameters. The fact that not only the inclusive jet suppression but also the jet structure is largely captured by the model speaks in favor of a physics picture in which a significant part of a parton shower remains unresolved by the medium. That may happen if the parton shower loses its energy coherently and subsequently fragments as in the vacuum. Indeed, it was recognized in several theoretical papers that such color coherence effects play an important role in the jet quenching process [18] [19] [20] [21] . If the parton shower, or its large part, radiates as one object, one can ask if it is possible to find some similarities between the suppression of jets and a suppression of other objects with an internal structure. One such candidate are the charmonia. Before turning the attention to that question, the original model calls for an extension: the color factor should be extracted from the data and a possible dependence on the input spectra should be quantified.
The choice of c F = C A /C F = 9/4 used in the EQ model for gluons represents an assumption on the difference in the probability to radiate a gluon from a gluon and quark source in the vacuum in the Q → ∞ limit [22] or the soft limit [23] . The value of c F can be different due to both the neglected non-leading corrections [24] and the presence of the deconfined medium. Thus, a global fit has been performed to extract s, α and c F simultaneously. This has been done by minimizing the difference between the EQ model and measured jet R AA [7] in different rapidity intervals and centrality bins. This procedure follows the logic of extracting this factor in the vacuum [25, 26] .
To test for a sensitivity of the extracted sup- pression parameters on the input jet spectra, the POWHEG MC generator [27, 28] interfaced to PYTHIA8 was used as an alternative to PYTHIA8 to provide a full next-to-leading order (NLO) jet p T spectra. This NLO simulation was repeated three times using different input PDF sets (CT10 [29] , MSTW2008NLO [30] , and NNPDF2.0 [31] ) which were selected to correspond to those used in the precise measurement of the jet cross-section in pp collisions at √ s = 7 TeV [32] . These three sets of jet-p T spectra were then parameterized and used along with the nominal PYTHIA8 as an input to the model which allowed to quantify uncertainties on extracted parameters.
The values of parameters from the global fit are summarized in Tab. 1. The global fit has revealed three interesting properties related to the energy loss: 1) the magnitude of the energy loss, s, depends linearly on the N part (thus s is parameterized as a function of N part in Tab. 1); 2) the power α is constant as a function of N part (already observed in Ref. [13] ); 3) c F is consistent with the value calculated and measured in the vacuum which is ≈ 1.8 at the jet hardness Q = 100 GeV [24, 25] . This represents a precise effective quantification of the jet quenching in √ s NN = 2.76 TeV Pb+Pb data. Extracting c F from the data using a model with minimal assumptions on the physics of the jet quenching should help to constrain the theory of this phenomenon.
Quarkonia suppression
There is no unique interpretation of the charmonia suppression measurements as of now [9] . New measurements at the LHC [33] [34] [35] [36] [37] [38] should provide more insight to the mechanism of the charmonia suppression. The new precise measurements of the prompt J/ψ in the muon channel [33, 34] showed that the nuclear modification factor, R AA on the rapidity is also weak. More recently, a prompt production of ψ(2S) was also measured in terms of a double ratio of measured yields, (
AA [37] . It was shown that ψ(2S) yields are suppressed by a factor of ∼ 2 with respect to J/ψ in the range |y| < 1.6 and 6.5 < p T < 30 GeV.
To test the idea of similarity in the physics of jet quenching and prompt charmonia suppression the EQ model described in the previous section has been employed. The input to the model are p T spectra of J/ψ and ψ(2S) and effective parameters obtained from the analysis of jet R AA . The p T spectra were obtained from PYTHIA8 (the same initial setup as in Ref. [13] was used) which was reweighted to reproduce the data measured in pp collisions at the 2.76 TeV [39] . It was found that PYTHIA reproduces well the shape of the J/ψ p T spectra even without reweighting, while a reweighting was needed to reproduce the p T spectra of ψ(2S)(weights range from 0.2 to 6). The realistic p T spectra were then used as an input to the EQ model which was run with two different settings of the color factor: first, corresponding to the color factor for the energy loss of light-quark initiated jets (defined to be one), and second, corresponding to the color factor extracted for the energy loss of gluon-initiated jets. The comparison of the data with the model is shown in Fig. 1 . An excellent agreement of the model with the data for the case of the light-quark energy loss is seen. The N part dependence of R J/ψ AA , its p T and rapidity dependence are reproduced.
The ability of the model to reproduce the suppression of ψ(2S) is shown in the Fig. 2 where the model is compared with the data on the ratio of nuclear modification factors, R
AA , from Ref. [37] . Remarkably, a good agreement between the model and the data is seen. The model reproduces the measurement well except for the most peripheral collisions. Here, however, no significant ψ(2S) signal was measured by CMS and consequently only a limit at 95% confidence level on the value of the ratio was provided.
The striking similarity between the measured J/ψ and ψ(2S) suppression and the energy loss of jets suggests that the radiative energy loss may AA predicted by the model compared to the data measured differentially in p T of J/ψ (left), rapidity of J/ψ (middle), and the number of participants (right) [33, 34] . The model is evaluated in two configurations of the effective color factor -the color factor corresponding to light quarks and gluons. AA predicted by the model compared to the data [37] . The model is evaluated in two configurations of the effective color factor -the color factor corresponding to light quarks and gluons.
be a dominant contribution to the energy loss of charmonia in the studied kinematic region as we will discuss in the next section. Now, we will discuss impact of feed-down contributions from excited states on presented results and the role of CNM effects. The measured charmonia production generally includes direct production from the hard interaction, as well as charmonium feed-down from excited states. While the feed-down contribution from excited resonances to ψ(2S) state is minimal, the feed-down contribution to J/ψ is significant [9] . Thus, it is important to evaluate the impact of feeddown on presented results. The size of feed-down contribution from ψ(2S) and χ c decays to J/ψ were estimated to be 8% and 25%, respectively [41] . The AA predicted by the model compared to the data measured by ALICE at low p T in the forward rapidity region [40] .
p T dependence of the dominant feed-down contribution of χ c to J/ψ was then evaluated in pp collisions at the LHC [42, 43] . In particular, for the central rapidity region of |y| < 0.75, it was found that the contribution from χ c is on average 25% varying by only 2% in the p T interval of 10 − 30 GeV. Also measured in pp collisions was the p T spectrum of χ c [43] . To access the impact of the feed-down on presented results, the measured χ c and ψ(2S) spectra and fractions of prompt J/ψ produced in χ c and ψ(2S) decays, respectively, were used to reweight the initial spectrum of J/ψ such that its shape reflects a contribution from excited states. The R AA of J/ψ was then recalculated using this new spectrum. The new reweighted spectrum characterizes a physics picture in which it is always the excited state which loses the energy in the medium while the J/ψ resulting from the decay of that excited state does not lose the energy. More realistic scenario is that only a fraction of χ c or ψ(2S) loses the energy while the rest first decays and then it loses the energy as J/ψ. Since we do not know such a fraction, the difference of reweighted R AA and original R AA was used as an estimate of the uncertainty of presented results. Maximal difference between the reweighted and original R AA was found to be less then 10%. This estimate is similar to the estimate of the impact of feed-down on the nuclear modification factor measured in d+Au collisions at RHIC which was found to be 5% [44] . The uncertainty in the determination of R AA due to the feed-down effects was combined with the uncertainty in the determination of R AA due to uncertainties in parameters of the EQ model and is plotted on Figures 1 and 2 as a shaded band.
Besides feed-down effects, the interpretation of presented results might be obscured by initial-state effects or effects from final-state nuclear interactions that are unrelated to the presence of the hot deconfined medium, i.e. by CNM effects. Sizable suppression of J/ψ was seen in proton-lead (p+Pb) collisions in the forward rapidity region or at low p T (p T 6 GeV) at the LHC [45] [46] [47] which clearly suggests that these effects come into the play. On the contrary, at high p T (p T 6 GeV) in the midrapidity region at the LHC, the nuclear modification factor measured in p+Pb collisions is consistent with unity within the precision of measurements [39, 45] . This observation is consistent with the estimate done using EKS98 nPDFs [48] which quantifies the impact of CNM effects, namely the shadowing, on the R AA to be less than 10% in the kinematic region probed in this paper [9] . While this suggests that CNM effects should not affect the interpretation of the similarity of the jet quenching and charmonia suppression, there might still be a group of CNM effects that is common for both, charmonia and jets. Suggestive of that is a sizable suppression seen in the most peripheral bin for both, the charmonia and jets. Figures 1 and 2 represent a selection of all available LHC data on prompt J/ψ and ψ(2S) for which corresponding pp reference spectra exist which allows an exact data-to-model comparison. Besides those high-p T R AA measurements, ALICE Collaboration provided also measurement of R J/ψ AA [36] for which the corresponding pp spectra were measured [49] . This measurement presents R AA of inclusive J/ψ (that is with no separation of non-prompt J/ψ contribution which is however smaller than 15% [50] ) in the forward rapidity region and at low p T . As discussed before, in this kinematic region CNM effects play a significant role. It was also shown in past that recombination and statistical hadronization processes likely play a significant role in this kinematic region [51] [52] [53] [54] . Thus, we cannot expect that the model presented here will reproduce the data. Nevertheless, it is instructive to quantify a departure of the model from the data. This is shown in Fig. 3 . One can see that the model can reproduce the R J/ψ AA at p T 6 GeV where ALICE data in the forward region agrees with CMS data measured in the midrapidity region. On the contrary, a significant departure of the model from the data is seen at low p T .
Discussion
The ability of the EQ model to reproduce the suppression data on J/ψ and ψ(2S) suggests that the measured shape of the suppression at high-p T is driven by the shape of the initial spectra of charmonia and that the radiative energy loss may play a dominant role at high-p T . We will leave the full analysis of this observation and the observation of similarity between the light-quark suppression and the charmonia suppression for separate works. Here, we will only summarize straightforward leading order calculations searching for a similarity between the radiation of quarks and charmonium. In particular, we discuss two basic scenarios: 1) charmonium is produced early in the collision in the color octet state and radiates coherently; 2) charmonium is produced late, from quarks or gluons that are already quenched.
For the first scenario, ratio is calculated of the probability of radiating a gluon from a charmonium in the color octet state, P ψ , to the probability of radiating a gluon from a single light quark, P q . This ratio is calculated in the collinear limit, leading to no change in the spin of charmonium due to the radiation, and under the assumption that the cc pair is not dissociated and radiates coherently in the range of virtualities from Q ψ max to Q ψ min . The result is
where c ψ = C A is the color factor for the radiation from charmonium. Constant k relates virtualities in the two processes, Q ψ = kQ 1 . The ratio (2) is equal to one if the virtuality range differs between the two processes (e.g. k max /k min ≈ 1/9 for Q min = 0.2 GeV and Q max = 10 GeV). If this is the case, Eq. (2) predicts that the R AA of J/ψ should start to deviate from the R AA of light-quark initiated jets at higher transverse momenta due to the slow logarithmic dependence on the virtuality. In particular, at p T = 50 GeV, the R AA of light-quark initiated jets should be 1.3 times larger compared to the measured R AA of J/ψ. This prediction can be tested in the LHC run 2 data. Not quantified in the formula is the dead cone effect which may also decrease the resulting radiation of the charmonium [56, 57] . Another factor not accounted for in this scenario is a presence of the charmonium in the color singlet state which might however represent a small contribution compared to the color octet state [58] . Irrespective of these important details, Eq. (2) implies that a simple expectation that the radiative energy loss of charmonia should be similar to the radiative energy loss of gluon-initiated jets is not valid since not only the color factors enter here but also kinematic range over which the two systems radiate need to be considered.
In the second scenario, the charmonium is produced late, from quarks or gluons that are already quenched. While the correlation between the p T of the initial parton and the p T of charmonium is rather strong, less steep spectra of charmonia would lead to generally larger R AA of charmonia than the R AA of partons. This was explicitly checked by modeling using PYTHIA. In this scenario, the similarity between the suppression of charmonia and light quarks would be accidental, steaming from an intriguing combination of quark and gluon energy loss which disfavors this scenario.
Summary
This paper has presented a quantification of the jet quenching in √ s NN = 2.76 TeV lead-lead collisions which is based on an extension of the effective quenching model [13] . In particular, extracted from the data was the effective color factor, c F , characterizing a difference in the probability to radiate a gluon from a gluon and quark source. The extracted value, c F = 1.78 ± 0.12, is consistent with the value obtained for vacuum [24, 25] . Using the quantification of the energy loss of jets, a similarity between the suppression of jets and prompt charmonia was explored. A striking similarity between the measured J/ψ and ψ(2S) suppression and the energy loss of light-quark initiated jets was seen. While this observation requires a thorough theoretical analysis, it suggests that the radiative energy loss may be a dominant contribution to the charmonia suppression at p T 6 GeV at the LHC. Quantification of the magnitude of the jet quenching together with observations made in this paper should improve the understanding of physics mechanism behind both, the jet quenching and charmonia suppression. They may also contribute to better understanding of general aspects of charmonia formation.
